We report on the formation of chiral domains self-assembled from terephthalic acid (TPA) and iron on a Cu(110) surface. Using scanning tunnelling microscopy, we observe that the supramolecular structures are organized on successive hierarchical levels. Chirality develops only at the latest assembly step, with the primary TPA constituents and the secondary diiron-terephthalate metal-organic complexes being mirror symmetric. The driving forces for the generation of these high-order chiral architectures are identified as competing coordination bonding within the metal-organic complexes and hydrogen bonding among them. The emergence of extended metal-organic networks is hindered by the incommensurability with the substrate.
Introduction
The self-assembly of organic molecules at solid surfaces results in many interesting functional nanostructures with distinctive properties. [1] [2] [3] [4] The creation of chiral molecular structures is currently attracting increasing attention due to its potential application in nonlinear optics, surface templating, heterogeneous catalysis, and liquid-crystal technologies. [5] [6] [7] [8] [9] [10] A wealth of studies demonstrates that novel low-dimensional chiral architectures can be constructed at solid surfaces from appropriate molecular building blocks. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Scanning tunnelling microscopy (STM) allows addressing molecular chirality and organization phenomena at surfaces at the level of a single molecule. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Most recent STM observations show that simple achiral molecules can form chiral arrangements on solid surfaces. [17] [18] [19] [20] [28] [29] [30] Organizational chirality is such an example and occurs when the chiral properties of supramolecular assemblies do not arise from the molecular units but from their arrangement. 6 It has recently been shown that organizational chirality can occur also in more complex two-component assemblies, in particular, in the formation of 2D coordination compounds. 18, 19 Here, we present a new manifestation of this phenomenon in adsorbed metal-organic nanostructures where chirality develops only at the last organizational level of a multistep hierarchical assembly. Our STM observations demonstrate that the coordination between the achiral terephthalic acid [TPA, HOOC-C 6 H 4 -COOH] and Fe atoms gives rise to likewise achiral diiron-terephathalate complexes on the Cu(110) surface. Chirality appears only at the last assembly step, which employs these metal-organic complexes as elementary components. A precise analysis of the observed structures shows that this peculiar phenomenology results from the hierarchy of the intermolecular interactions at play and from small details of the substrate geometry.
Methods
The experiments were performed in an ultra-high-vacuum (UHV) system providing ultimate controlled conditions for the sample preparation and characterization. The Cu(110) single crystal was cleaned by repeated cycles of Ar + sputtering (900 eV) and subsequent annealing at 850 K. The sample temperature was read by a K-type thermocouple directly connected to the Cu(110) crystal. Commercially available terephthalic acid (Fluka, purity ) 99%) in powder form was outgassed in a Knudsen cell type evaporator and then deposited onto the Cu(110) surface held at room temperature. The temperature of the cell was kept at 445 K, as measured with a thermocouple contacted with the cell. Iron was subsequently deposited from an electron-beam evaporator. Also in this case, the surface was at room temperature. The sample was then transferred from the preparation chamber (base pressure ∼ 2 × 10 -10 mbar) to the STM chamber (∼ 6 × 10 -11 mbar) that comprises a variabletemperature STM apparatus. STM measurements were performed at 300 K in the constant-current mode (negative U bias , occupied states imaging).
The numerical simulations were based on density functional theory (DFT) with the exchange and correlation energy functional expressed in the Perdew-Burke-Ernzerhof generalized gradient approximation. 31 The Kohn-Sham equations were solved in the plane-wave pseudopotential framework, with the plane-wave basis set and the Fourier representation of the charge density being limited by kinetic cutoffs of 24 and 240 Ry, respectively. All calculations were spin-polarized. Ions were described by ultrasoft pseudopotentials. 32 Integrals in the Brillouin zone were performed on a k-point grid equivalent to a (12 × 12 × 12) mesh for bulk Cu, together with a Methfessel-Paxton smearing of 0.02 Ry.
The adsorption of Fe adatoms on the Cu(110) and Cu(001) surfaces was modeled by means of (5 × 3) and (2 2 × 2 2) supercells, consisting of seven and five Cu layers, respectively, and being separated by more than 10 Å of vacuum in the direction orthogonal to the surface. The atomic coordinates were relaxed according to the Hellmann-Feynman forces until the maximum force was less than 0.01 eV/Å. All calculations were performed with the Quantum-ESPRESSO computer package. 
Results and Discussion
Formation of Chiral Metal-Organic Domains. After depositing TPA molecules and iron onto Cu(110) at room temperature, two main kinds of structures were observed both in the form of flowerlike complexes, as shown in Figure 1 . The first one includes four bright elliptic protrusions, two of them being aligned along the [11 j 0] direction of the Cu(110) surface, the other two along [001] . We dub this assembly, similar to a four-petal flower, as a single complex. The other kind of observed structure is composed of seven bright protrusions and is termed a dimer complex. The individual protrusions are readily assigned to single flat-lying molecules because their size and shape agree well with those of the TPA molecule (length of ∼7.0 Å in the relaxed configuration). A further proof is given by the similarity of the present protrusions with those measured for TPA-Fe networks assembled on different substrates. 34, 35 All these systems present the same structural motif, whose cohesion is determined by the presence of a dimer of Fe atoms forming two chelating and two bridging metal-organic bonds with the carboxylate groups of the TPA molecules.
This comparison allow us to conclude that, although not directly visible by STM, a pair of iron atoms is located at the flower center also in the present case, as shown in the superimposed models in Figure 1 . In fact, the same binding motif has been observed also for linear benzene-dicarboxylic acids on Cu(001), [34] [35] [36] [37] Au(111), 38, 39 and Ag(111). 40 In particular, on Cu(001), this motif gives rise to extended two-dimensional (2D) porous networks. [34] [35] [36] [37] TPA molecules bind to the adjacent Fe atoms through their deprotonated carboxylate terminals [COO -]. The deprotonation of carboxylic groups at Cu surfaces has been confirmed for several benzoic acid species through a variety of experimental and theoretical methods, including photoemission spectroscopy, reflection adsorption infrared spectroscopy, and DFT calculations. 35, [41] [42] [43] [44] [45] The loss of hydrogen atoms appears to be an activated process, with a characteristic temperature depending on the specific orientation of the Cu substrate. In particular, room-temperature deprotonation of carboxylic moieties has been reported for Cu(110). [41] [42] [43] The underlying metal substrate partially screens the negative charges of the carboxylate moieties 46 that coordinatively bind to the metal adatoms. 44 Independent of the coverage and of the Fe/TPA ratio, we found that a distribution of Fe-TPA flowerlike complexes is formed at room temperature on Cu(110) with some local order but without any long-range periodicity. With the aim of reproducing the extended networks observed on Cu(001), we annealed the sample to 430 K for several minutes to enhance the surface mobility. The heating treatment effectively drives the development of well-ordered 2D supramolecular domains, as illustrated in the representative STM image of Figure 2a . However, these Fe-TPA assemblies do not form an extended and continuous porous network. On the contrary, it is easy to recognize that these regular structures result from the direct juxtaposition of single and dimer complexes. The short distance between the molecules in neighboring complexes suggests the existence of intermolecular ionic hydrogen bonding; 46 see Figure  3 . One oxygen atom of a TPA molecule couples with the H atoms of the phenyl ring of the adjacent TPA, as illustrated by the dashed line in Figure 4a . The O · · · H-C length is estimated to be 2.35 Å, which is in the range of ideal hydrogen-bond lengths. 47 These double hydrogen bonds exist between two [001]-oriented TPA molecules of neighboring complexes, although other, weaker H bonds might be present as well. In fact, the supramolecular islands show straight edges oriented along [1 j 14] but also along [33 j 2]; see Figure 2a . The former edge is stabilized by the ionic hydrogen bonds described above, but the latter indicates the existence of further attractive interactions between the metal-organic complexes. The difference in strength between these two types of bonds is reflected in the unequal extension of the two edges.
The complexes organize in separate mirror-symmetric R and S supramolecular islands identified by the clockwise and anticlockwise round arrows in Figure 2a , respectively. (Figure 3c,d ) can act as building blocks for the R and S domains. The chirality of these domains stems from the organization of the Fe-TPA complexes. In fact, given that an isolated complex represents the nucleus for an extended island, there exist four equally probable H-binding sites for a second complex. Two of them, in the lower left and the upper right corners, will start an R-oriented domain ( Figure  3a,c) , whereas the remaining two, in the lower right and the upper left corners, will generate an S domain (Figure 3b,d) . Once established, a domain will grow by guarding its chirality because this maximizes the 2D packing of the complexes and, therefore, minimizes the energy of the system. As a consequence, all supramolecular islands show either R or S chirality and form dislocation lines when meeting, as can be seen in Figure 2a .
The manifestation of chirality in the TPA/Cu(110) system occurs only at the latest stage of supramolecular organization.
As a matter of fact, as denoted in the schematics in Figure 2b , the primary organizational level is characterized by achiral building blocks, the TPA molecules themselves. The units of the secondary level, that is, the Fe-TPA single and dimer complexes, are still achiral, and it is only at the tertiary level that chirality sets in. This is different to what is observed in other systems, 48 even in similar 2D metal-organic ones. 19 To our knowledge, this kind of higher-order organizational chirality has hitherto not been reported in any surface-supported selfassembled supramolecular system.
Absence of Extended Metal-Organic Networks. Even after the annealing treatment, the great majority of the metal-organic complexes observed by STM is composed of [Fe 2 (TPA) 4 ] single complexes (representing typically more than 60% of the population, the exact value depending on the deposited Fe/TPA ratio) or [Fe 4 (TPA) 7 ] dimer complexes. Trimer complexes were also occasionally observed (<5%), but longer [11 j 0]-oriented [Fe 2n (TPA) 3n+1 ] chains with n > 3 were never seen. Moreover, the formation of extended Fe-TPA metal-organic structures along the [001] direction was never observed. To check whether this depends on the Fe/TPA ratio, we performed a series of experiments under the same deposition and annealing conditions, with the relative amount of Fe and TPA as the only varying parameter. The results clearly demonstrate that the preference for single over dimer or trimer complexes as well as the absence of extended 2D porous networks is not caused by a lack of iron coordination centers. Figure 5 shows a typical STM image for the high Fe/TPA regime. Agglomerates formed by excess iron can be recognized on the surface without any change in the local Fe/TPA stoichiometry. Because the annealing step excludes any significant role of kinetic limitations, energetic reasons must regulate the preference of TPA molecules and Fe atoms to form chiral arrays of flowerlike complexes instead of extended metal-organic networks on Cu(110). To further rationalize these observations, it is helpful to accurately examine the structure of the supramolecular arrangements. In analogy to what is established for similar systems, Our measurements clearly indicate that the configuration for which the molecules are closest to the diiron centers (single complex) is the most frequent and, as a consequence, the lowest energy one. This implies that the driving force for the observed assembly is the establishment of Fe-O distances allowing the formation of strong metal-organic bonds. In dimer complexes, the intermolecular distance along [11 j 0] is about 0.3 Å larger than that in single complexes. This clearly results in a bigger Fe-O separation, which stretches the metal-organic bond and makes it less favorable but still possible. For an ideal infinite [11 j 0]-aligned Fe-TPA chain, each in-plane Fe-O distance would be about 0.37 Å longer than that for single complexes. The absence of [Fe 2n (TPA) 3n+1 ] complexes with n > 3 indicates that this increase would be excessive for the formation of a strong bond. The situation would be even more extreme along [100], with an in-plane Fe-O distance about 0.9 Å larger than that for single complexes. Thus, most probably, the reason why extended networks are never observed on Cu(110) is that they would require excessively big Fe-O distances. On the other hand, single and dimer complexes can interact among each other by means of much more flexible hydrogen bonds, resulting in the chiral arrangements described above.
A final important issue to be discussed is the difference between the nanostructures formed on Cu(001) and Cu(110). We note that, in the case of the Cu(001) surface, very regular metal-organic networks are developed, being formed by the same [Fe 2 (TPA) 4 ] elemental unit discussed above. 34, 35, 44 In this case, the interface with the substrate is coherent along both [110] and [11 j 0], thus determining a natural periodicity of the metal-organic network of 10.2 and 15.3 Å, respectively.
Because the atomic lattice periodicity along [110] is a factor of 2 larger on Cu(110) than on Cu(001), it not surprising that a regular [110]-oriented structure is not developed on the former surface. However, the periodicity of the two substrates is identical along [11 j 0] so that the development of longer [11 j 0] diiron-TPA chains could be expected also on Cu(110). Their absence rules out that sole in-plane structural properties govern the formation of extended Fe-TPA structures. Most probably, the reason why only single and dimer complexes are observed on Cu(110) lies in the openness of its lattice and thus in its geometrical characteristics perpendicular to the surface.
Our DFT calculations show that a single Fe atom positioned in the 4-fold hollow site is located 0.3 Å lower on Cu(110) than on Cu(001). In agreement with previous DFT calculations, 35 we find that the development of Fe-O metal-organic bonds displaces the Fe adatoms from their isolated equilibrium hollow sites. In the surface plane, this displacement is by 0.3 Å, which is small (0.13%) on the scale of the lattice vectors; thus, the Fe adatoms can still be considered to be overall above the hollow site. This effect is more significant in the direction perpendicular to the surface where upward lifts of 0.6 Å have been reported for the Fe-TPA/Cu(001) system 35 and of 0.3 Å for the Fe-TMA/Cu(110) system. The absolute positions of the oxygen-coordinated Fe atoms might thus be slightly higher than the DFT values obtained for isolated Fe adatoms. However, the relative difference between Cu(110) and Cu(001) should remain qualitatively the same.
Assuming that the average height of TPA is similar on both substrates, this implies that, on Cu(110), the molecules must move closer to the hollow site occupied by the Fe atom in order to attain the same Fe-O distance and thus to form an effective metal-organic bond. This is straightforward for single clusters and is in accordance with the smaller in-plane TPA-TPA distance obtained from the STM data. In double clusters, the external TPA molecules can move closer to the neighboring Fe hollow sites but the central one must clearly occupy a symmetric position (Figure 4b) . As a consequence, two out of the four metal-organic bonds formed by [11 j 0]-oriented TPA molecules will be strained and thus energetically less favorable. Nevertheless, the overall energy balance must still be acceptable because double clusters are experimentally observed. Most probably, this is not the case for extended diiron-TPA assemblies that were never observed on Cu(110). This could explain why the same in-plane lattice periodicity allows the formation of extended metal-organic networks in the case of a (001) but not of a (110) surface.
It should be further noted that the difference in the height of the Fe centers might also be the reason for the difference in the STM images, where coordinated Fe atoms appear as distinct protrusions on Cu(001) 34, 35, 44 but are not visible on Cu(110). The same effect could be responsible also for the different appearance of the metal center in mononuclear Fe-trimesate complexes on Cu(001) 19 and Cu(110). 
Conclusion
In summary, we have presented a detailed analysis of the chiral nanostructures formed by self-assembly of Fe and TPA on the Cu(110) surface. High-resolution STM images reveal different types of building blocks organized in subsequent hierarchical levels: TPA molecules, metal-organic [Fe 2 (TPA) 4 ] and [Fe 4 (TPA) 7 ] complexes, and their H-bond-mediated assemblies. Interestingly, chirality emerges only at the ultimate level of organization. In fact, neither the primary molecular components nor the secondary metal-organic complexes are chiral. Only the tertiary assembly stage displays the absence of mirror symmetry and the development of organizational chirality. By precisely assessing the structural characteristics of the Fe-TPA architectures, we have expounded the driving force for the formation of the chiral motifs. These result from the interplay between the openness and the anisotropy of the Cu(110) surface lattice, the coordination interaction between the molecular carboxylate moieties and the Fe centers, and the intermolecular hydrogen attraction. Metal-organic bonds form in the first instance because of their higher binding energy. However, they develop only locally because their extension in the form of a periodic network is frustrated by the incommensurability with the underlying substrate. In particular, we have shown that, although the local structure of the diiron-TPA synthons is analogous to what is observed for other substrates, the absence of extended metal-organic networks is due to the detailed 3D absorption potential of the Cu(110) surface. Finally, only weaker and more flexible H bonds are established between the metal-organic units.
Our results clearly demonstrate the importance of the substrate for the formation of supported molecular nanoarchitectures. Even small differences and specific details of the surface structure can determine not only the geometry but also the chirality of supramolecular assemblies. These effects must, therefore, carefully be taken into account when considering the formation of chiral surfaces and phenomena, such as chiral templation.
